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Fing position
408

Adiust the confinement ring position in an
open-loop manner using the offset value

FIG. 4



US 8,342,122 B2

Sheet S of 7

Jan. 1, 2013

U.S. Patent

E

Wi jmisiain e

_ \R7 77 R L | _HH..N...FW ::::: 51T 0L§ )
A K AAR D W%ﬁrﬂww/ézz%azzmw/_%zzz,

—
.

/



US 8,342,122 B2

Sheet 6 of 7

Jan. 1, 2013

U.S. Patent

SRR sﬁ%ﬁsm TUEARL ALY E:E\E;a%,f

I >z I“_*_ e — AH H

NS mvbuﬂﬂnlq_ﬁm i .ﬂ...Wﬁ%é? //

LN 7

% 11

%wm




US 8,342,122 B2

Sheet 7 of 7

Jan. 1, 2013

U.S. Patent

"N

h ... . L. T T e . . . . .
] -.r
L L

h_m.... Y I__._.l”----....._-._n_.-__ul_. ................... --._.H .......................... " I -------------..1..‘...‘__..‘..'

/

__ _ 47 Iﬁ%ﬂl‘]#f
X ﬂ@&ﬁhg __ ; 3

_I_._rﬂl.,

........................... “Har._ “ﬂ“.h : |

e = = = - |- ‘u‘nlu‘nlllllllnl-nln‘nlnlnlnll.ll

= Ffdﬂﬁﬂ—.'.g.hﬂﬂmﬁy
ii.l!ﬁl mmul_!a..,/r




US 8,342,122 B2

1

METHODS AND APPARATUS FOR
CHANGING AREA RATIO IN A PLASMA
PROCESSING SYSTEM

PRIORITY CLAIM

This application 1s related to and claims priority under 35
U.S.C. §119(e) to a commonly assigned provisional patent
application entitled “METHODS AND APPARATUS FOR
CHANGING AREA RATIO IN A PLASMA PROCESSING
SYSTEM,” by Rajinder Dhindsa, Application Ser. No.
61/065,174 filed on Feb. 8, 2008, all of which are incorpo-

rated herein by reference.

BACKGROUND OF THE INVENTION

Advances 1n plasma processing have facilitated growth 1n
the semiconductor industry. The semiconductor industry is a
highly competitive market. The ability for a manufacturing,
company to be able to process substrates 1n different process-
ing conditions may give the manufacturing company an edge
over competitors. Thus, manufacturing companies have dedi-
cated lime and resources to identily methods and/or arrange-
ments for improving substrate processing.

A typical processing system that may be employed to per-
form substrate processing may be a capacitively-coupled
plasma (CCP) processing system. The plasma processing
system may be built to enable processing in arange of process
parameters. However, 1n recent years, the types of devices
that may be processed have become more sophisticated and
may require more precise process control. For example,
devices being processed are becoming smaller with finer
features and may require more precise control of plasma
parameters, such as plasma density and uniformity across the
substrate, for better yield. Pressure control of the water area in
the etching chamber may be an example of a process param-
cter affecting plasma density and uniformity.

The manufacturing of semiconductor devices may require
multi-step processes employing plasma within a plasma pro-
cessing chamber. During plasma processing of semiconduc-
tor device(s), the plasma processing chamber may typically
be maintained at a predefined pressure for each step of the
process. The predefined pressure may be achieved through
employing mechanical vacuum pump(s), turbo pump(s), con-
finement ring positioning and/or combinations thereof, as 1s
well known by those skilled in the art.

Conventionally, a valve assembly may be employed to
throttle the exhaust turbo pump(s) to attain pressure control
for maintaining predefined pressure conditions 1n the plasma
processing chamber. Alternatively or additionally, the pres-
sure 1n the plasma generating region of the plasma processing
chamber (e.g., the region encapsulated by the two electrodes
and surrounded by the confinement rings) may be controlled
by adjusting the gaps between the confinement rings of a
confinement ring assembly. Adjusting the gaps controls the
flow rate of exhaust gas from the plasma generating region
and pressure may be affected as a result. The overall gas flow
conductance out of the plasma generating region may depend

on several factors, including but not limited to, the number of
confinement rings and the size of the gaps between the con-
{inement rings.

In view of the need to process the substrate in multiple
steps, each of which may involve a different pressure,
improvement to the capability to efficiently control pressure
in plasma processing systems 1s highly desirable.

SUMMARY OF THE INVENTION

The mvention relates, 1n an embodiment, to a plasma pro-
cessing system having a plasma processing chamber for pro-
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cessing a substrate. The plasma processing chamber includes
an upper electrode, the upper electrode having a first upper
clectrode portion and a second upper electrode portion. The
first upper electrode portion annularly surrounds the second
upper electrode portion. Both the first upper electrode portion
and the second upper electrode portion are grounded during
the processing. The plasma processing chamber also includes
a lower electrode, the lower electrode having a first lower
clectrode portion and a second lower electrode portion. The
first lower electrode portion 1s grounded and annularly sur-
rounds the second lower electrode portion. The second lower
clectrode portion has a substrate bearing surface configured
to support the substrate during the processing, wherein at
least one of the upper electrode and the lower electrode 1s
movable 1n a direction that 1s perpendicular to the substrate
bearing surface. The plasma processing chamber also
includes a RF power source for providing RF energy to the
second lower electrode portion, wherein an upper surface of
the first lower electrode portion 1s non-planar with respect to
the substrate-bearing surface such that a first gap between the
upper surface of the first lower electrode portion and a lower
surface of the first upper electrode portion 1s smaller than a
second gap between the substrate bearing surface and a sub-
strate-facing surface of the second upper electrode portion.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention 1s illustrated by way of example, and
not by way of limitation, in the figures of the accompanying
drawings and in which like reference numerals refer to similar
clements and in which:

FIG. 1 shows, 1n accordance with an embodiment of the
present mnvention, a simplified schematic of a plasma process-
ing system configured to provide an adjustable gap between
an upper electrode assembly and a lower electrode assembly.

FI1G. 2 shows, 1n accordance with an embodiment of the
present invention, a plot of confinement ring position (CRP)
as a function of chamber gap for a predefined pressure.

FIG. 3 shows, 1n accordance with an embodiment of the
present invention, a plurality of empirically dertved conduc-
tance curves (which illustrates conductance versus coniine-
ment ring position) for different chamber gaps.

FIG. 4 shows, 1n accordance with an embodiment of the
invention, a simplified flowchart of a method 400 for wafer
area pressure control with adjustable chamber gap in real
lime.

FI1G. 5 shows, 1n accordance with an embodiment of the
invention, a simplified chamber for achieving in-situ control
of area ratio of RF coupling change.

FIG. 6 shows, 1n accordance with an embodiment of the
invention, the narrow-gap configuration.

FI1G. 7 shows, 1n accordance with an embodiment of the
invention, the wide-gap configuration.

DETAILED DESCRIPTION OF EMBODIMENTS

The present invention will now be described 1n detail with
reference to a few embodiments thereof as illustrated 1n the
accompanying drawings. In the following description,
numerous specilic details are set forth 1n order to provide a
thorough understanding of the present mvention. It will be
apparent, however, to one skilled 1n the art, that the present
invention may be practiced without some or all of these spe-
cific details. In other instances, well known process steps
and/or structures have not been described 1n detail 1n order to
not unnecessarily obscure the present invention.
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In accordance with embodiments of the invention, there are
provided methods and apparatus for configuring plasma pro-
cessing systems to achieve rapid control over plasma process-
ing parameters. In some plasma processing systems, the
chamber gap (1.¢., the gap between the upper and lower elec-
trode) 1s a recipe parameter and may vary from step to step. In
these plasma processing systems, there may be provided a
mechanism configured to move the lower electrode assembly
to adjust the chamber gap. In other plasma processing sys-
tems, the upper electrode assembly may be moved. In the
disclosure herein, the chamber 1s assumed to have a moving
lower electrode. It should be understood, however, that
embodiments of the invention herein apply equally well to
chambers 1n which the upper electrode 1s movable (alterna-
tively or additionally).

When the chamber gap 1s moved 1n response to recipe
requirements, the volume of the plasma generating region 1s
changed. This change 1n volume affects the pressure within
the plasma generating region, requiring compensation to
adjust for the pressure change. In the prior art, as mentioned,
pressure control 1s achieved by controlling the throttle valve
position upstream of the exhaust turbo pump and/or by con-
trolling the position of the confinement rings to change the
gaps between the confinement rings, thereby changing the
conductance of the gas exhausting from the plasma generat-
Ing region.

Generally speaking, the confinement ring gaps may be
adjusted by appropriately controlling the position of a
plunger (see 131 of FI1G. 1). In the upstroke of the plunger, the
gaps between rings 110a, 1105, 110¢, 1104, and 110e are
expanded. In the down stroke of the plunger, rings 110aq,
11056, 110c¢, 1104, and 110e collapse together 1n a sequential
manner starting from the lower rings since the downward
movement of ring 110e 1s arrested by the lower electrode, and
the downward movement of ring 1104 1s arrested by ring
110¢, and so on. Confinement ring assemblies are well-
known 1n the art and will not be elaborated further herein.

When pressure control 1s desired 1n the prior art, a closed-
loop control system 1s generally employed. In an example, the
pressure within the plasma generating region 1s measured
and/or derived and then compared against the desired pres-
sure called for by the process recipe. It there 1s a discrepancy,
plunger 131 1s moved upward or downward appropriately to
change the confinement ring gaps to control the conductance
through the conductance ring gaps, thereby affecting the pres-
sure within the plasma generating region. These measure-
adjust-measure-adjust cycles are performed step-wise until
the desired pressure set point 1s achieved.

While the prior art approach is satisfactory for chambers in
which the electrodes are stationary, this approach proves less
than satistactory for chambers with moving lower electrode.
In these chambers, the sudden change in the volume of the
plasma generating region due to lower electrode re-position-
ing may result in a temporary loss of closed-loop pressure
control as the closed-loop control algorithm struggles to re-
attain control. Even if the closed-loop control algorithm can
rapidly re-acquire control to begin the adjustment process, the
large and sudden change in pressure caused by the sudden
re-positioning of the lower electrode may cause the closed-
loop control algorithm to take quite a long time to stabilize the
pressure to the desired set point. During this long pressure
re-stabilization period, substrate processing 1s elfectively
hailed. If the pressure re-stabilization period 1s unduly long,
productivity may suifer.

In an embodiment of the mvention, there 1s provided a
novel pressure control algorithm for rapidly compensating,
tor the large and sudden change 1n the pressure 1n the plasma
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generating region that results from lower electrode (or upper
clectrode) repositioning. The inventor herein realizes that for
a grven pressure, the chamber gap (1.e., the distance between
the upper and lower electrodes) relates to the confinement
rings position (as determined by the position of the plunger)
in roughly (though not exactly) a linear relationship. The
inventor herein also realizes that for each chamber gap, the
conductance (in liters/second) through the confinement rings
relates to the confinement rings position (as determined by
the position of the plunger) in roughly (though not exactly) a
linear relationship.

Further, the iventor realizes that as the gap changes, the
roughly linear relationship between the conductance and the
conflnement rings position 1s roughly maintained. By plotting
the conductance versus confinement rings position curves for
various chamber gaps, each conductance curve may be shown
to be substantially linear and furthermore, the conductance
curves are substantially parallel.

From these relationships, the inventor realizes that a rough
open-loop control strategy may be employed, using confine-
ment ring re-positioning parameters furnished by these rela-
tionships, to rapidly re-position the confinement rings to
bring the pressure 1n the plasma generating region quickly to
roughly the desired set point. Once the rough re-positioning 1s
made 1n an open-loop manner, the finer close-loop control
strategy may be employed to quickly bring the pressure to the
desired pressure set point. However, since the open-loop re-
positioning 1s only a rough re-positioning and 1s not depended
upon for precise pressure control, non-linearity in conduc-
tance versus confinement rings position for various chamber
gaps may be safely 1ignored. This key realization vastly sim-
plifies calculation and renders the rough open-loop reposi-
tioning process rapid.

In an embodiment, the inventor deduces that rough pres-
sure compensation for chamber gap changes may be rapidly
made by calculating the offset from one conductance curve to
another and by moving the confinement rings position by that
amount of calculated offset. Once the rough pressure com-
pensation 1s performed, closed-loop control may take over to
stabilize the pressure to the desired pressure set point. In this
manner, pressure compensation 1s achieved 1in two phases: 1)
an open-loop first phase wherein the confinement rings are
moved rapidly using the calculated offset value from previ-
ously derived conductance data, and 2) a subsequent closed-
loop phase to achieve the derive pressure set point.

The features and advantages of the present invention may
be better understood with reference to the figures and discus-
sions (with prior art mechanisms and embodiments of the
invention contrasted) that follow.

FIG. 1 shows, 1n accordance with an embodiment of the
present mnvention, a simplified schematic of a plasma process-
ing system configured to provide an adjustable gap between
an upper electrode assembly and a lower electrode assembly.
Plasma processing system 100 may be a single, double or
triple frequency capacitively discharged system or may be an
inductively coupled plasma system or a plasma system
employing a different plasma generating and/or sustaining
technology. In the example of FIG. 1, radio frequency may
include, but are not limited to 2, 27 and 60 MHz.

In the example of FIG. 1, plasma processing system 100
may be configured with an upper electrode assembly 102 and
alower electrode assembly 104, 1n an embodiment. The upper
clectrode assembly 102 and lower electrode assembly 104
may be separated from each other by a chamber gap 106. The
upper electrode assembly 102 may include an upper electrode
that may be grounded or powered by an RF power supply (not
shown).
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During plasma processing, processed gas (not shown) may
be supplied into chamber gap 106. The processed gas being
supplied into chamber gap 106 may be excited into a plasma
state by RF power supplied to lower electrode assembly 104.
The plasma in chamber gap 106 may be confined by a con-
finement ring assembly 108 that may be configured with at
least a set of confinement rings (110q, 1105, 110c¢, 1104, and
110¢). The confinement ring assembly may also be config-
ured with a gap control mechanism 112, including a plunger
131, for controlling the gaps between confinement rings
(110a-¢). Exhaust gases in chamber gap 106 (i.e., the plasma
generating region) may pass through confinement-ring gaps
between the set of confinement rings (110a-¢). These exhaust
gases may be exhausted from the chamber by a vacuum pump
(not shown to simplity 1llustration) via a throttle valve.

In an embodiment, lower electrode assembly 104 may be
configured with a piston 114 and an actuation mechanism 116
to allow lower electrode assembly 104 to be moved up or
down. As a result, the volume within the plasma generating
region may change, which results in a change 1n the pressure
and thus requires compensation by confinement ring re-posi-
tioning.

Referring to FIG. 1, upon moving lower electrode assem-
bly 104 to accommodate recipe requirements for a given step,
confinement ring assembly 108 may move correspondingly
with the motion of lower electrode assembly 104, thereby
changing the gaps between confinement ring assembly 108.
Accordingly, the pressure 1n the plasma generating region 1s
altered not only by the sudden change 1n volume ofthe plasma
generating region but also by the change 1n the confinement
ring gaps.

In order to maintain the predetermined pressure (for
example, the pressure that existed before lower electrode
movement), the position of confinement ring assembly 108
may need to be adjusted to change the conductance (in liters/
second) of the exhaust gas to compensate for the change 1n
plasma generating region volume and/or the change 1n con-
finement ring gaps that result from lower electrode move-
ment.

FIG. 2 shows, 1n accordance with an embodiment of the
present invention, a plot of confinement ring position (CRP)
as a function of chamber gap for a predefined pressure. FIG.
2 1s discussed 1n relation to FIG. 1 to facilitate understanding.

As shown 1n FIG. 2, the vertical axis 1s shown as the
conflnement ring position 1n arbitrary count unit. In an imple-
mentation, the arbitrary count umt may be the servo motor
index of the servo motor employed to control the up/down
movement of plunger 131. The horizontal axis shows the
chamber gap 1n millimeter (mm). Plot line 210 shows a linear
relationship between confinement ring position and chamber
gap for a given pressure.

FIG. 3 shows, 1n accordance with an embodiment of the
present invention, a plurality of empirically derived conduc-
tance curves (which 1llustrates conductance versus confine-
ment ring position) for different chamber gaps.

As shown 1n FIG. 3, the vertical axis 1s shown as conduc-
tance 1n liter per second (L/s). The horizontal axis 1s shown as
the confinement ring position (CRP), again 1n arbitrary count
unit. Plot line 310 1s the conductance curve for a chamber gap
value of 1.88 centimeter (cm). Plot line 320 1s the conduc-
tance curve for a chamber gap value of 2.34 cm. Plot line 330
1s the conductance curve for a chamber gap value of 2.8 cm.
Plot line 340 1s the conductance curve for a chamber gap value
of 3.1 cm.

A few observations may be made from FIG. 3. First, the
curves are substantially linear 1n the region of chamber opera-
tion, 1.e., above 4 liters/sec. Second, these curves are substan-
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tially parallel, 1llustrating that the linear relationship between
the conductance and the confinement ring position 1s substan-
tially preserved when the gap 1s changed. Third, for any given
desired conductance (such as 11 liters/second 1n FIG. 2), the
change 1n conductances attributable to a change 1n the cham-
ber gaps may be compensated for simply by moving the
confinement ring by the amount of x-axis offset from one
curve to another. With reference to FIG. 2, the change 1n
conductance as the chamber gap 1s moved from 2.34 c¢m
(curve 320) to 1.88 cm (curve 310) may be compensated for
by moving the confinement ring position by an amount that 1s
equal to the offset (between point 344 and point 342). Moving
the confinement ring position by the ofiset (difference
between point 342 and point 344) has the effect of roughly
moving conductance curve 310 to superimpose on conduc-
tance curve 320. In so doing, the conductance change due to
gap change 1s compensated for, and rough conductance com-
pensation 1s achieved 1n an open-loop manner.

In an embodiment, the current chamber gap position may
be represented by “X” The change 1in chamber gap may be
+“Y”". The current CRP may be represented by “A”. The new
chamber gap and new CRP may be calculated as followed:

New chamber gap position=X+Y (Equation 1).

New CRP=A+(M?*Y) (Equation 2),

where M 1s the slope determined from the conductance curves
of FIG. 3.

As may be appreciated from the foregoing, the plurality of
conductance curves for each chamber gap may be empirically
determined in an embodiment. Over the working conduc-
tance range, the plurality of conductance curves may be rela-
tively linear, yielding a slope of about M 1n an embodiment.
The offset CRP values may be determined for predetermined
waler area pressure(s) to compensate for the chamber gap
adjustment(s). Alternatively, a simple lookup table may be
employed to correlate chamber gaps with offsets. To facilitate
the open-loop rough adjustment, the corresponding offset for
a particular chamber gap may be obtained and/or estimated
from the values provided by the lookup table.

FI1G. 4 shows, 1n accordance with an embodiment of the
invention, a simplified flowchart of a method 400 for wafer
area pressure control with adjustable chamber gap 1n real
lime.

In step 402, a plurality of conductance curves for different
chamber gaps may be empirically determined 1n an embodi-
ment. In step 404, a new chamber gap 1s specified as part of a
process recipe. In step 406, the offset from the current con-
finement ring position may be determined. This offset has
been discussed earlier in connection with FIG. 3. To simplify
the calculation and/or lookup, an arbitrarily chosen reference
chamber gap may be employed to provide a reference to
which all other chamber gaps may be referenced to, 1n an
embodiment.

Once the offset 1s acquired, the confinement ring position
may be adjusted 1n an open-loop manner using the offset
value to rapidly (but roughly) re-position the confinement
rings (step 408). This rapid repositioning roughly compen-
sates for the change 1n the plasma generating region volume
and the change 1n the confinement ring gaps caused by the
movement of the lower electrode. Once the rough reposition-
ing 1s accomplished, fine (but slower) close-loop control, 1n
the manner done in the prior art, may be employed to more
precisely establish the pressure in the plasma generating
region at a desired set point pressure. Once the pressure 1s
re-stabilized, other changes in the pressure (such as to accom-
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modate pressure change in a different step) may be accom-
plished using techniques known 1 the prior art.

As can be appreciated from the foregoing, embodiments of
the invention permit pressure compensation to be performed
in a rapid manner by rapidly repositioning the confinement
rings 1n a two-step process. In the first step, the confinement
rings are rapidly repositioned 1n an open-loop manner using,
an offset value obtained from previously acquired conduc-
tance data (which correlate conductance with confinement
ring positions for various chamber gaps). In the second step,
traditional closed-loop control may be employed to more
precisely stabilize the pressure at the desired value. By rap-
1dly compensating for the change 1n pressure that 1s caused by
the moving electrode(s), the pressure stabilization step may
be shortened, leading to improved productivity. Furthermore,
embodiments of the invention may improve and or make
possible the ability to sustain 1gnition of the plasma as the
processing proceeds from step to step, each of which may call
for a different chamber gap and a different pressure setting.

As mentioned, the manufacturing of semiconductor
devices may require multi-step processes employing plasma
within one or more plasma processing chambers. Some of the
processing steps required to complete the manufacture of a
device may employ different recipes that specity different
plasma densities and/or different 1on energies and/or different
waler bias voltages. In the prior art, these various recipes may
be performed using different plasma processing chambers or
systems, each of which may be configured to perform one or
more recipes of the multi-recipe process.

While such an approach accomplishes the goal of fabricat-
ing the resultant device, there are disadvantages. For
example, the use of multiple chambers and/or systems to
accomplish the manufacture of the device increases the
equipment acquisition and deployment costs and/or the main-
tenance burden for the device manufacturer. As another
example, the use of multiple chambers and/or systems to
accomplish the manufacture of the device introduces delay
into the manufacturing process. This 1s because 1t takes a
nontrivial amount of lime to, for example, stop the process in
one chamber, evacuate the chamber content, remove the sub-
strate from the chamber, insert the substrate into another
chamber of the same or a different plasma processing system,
and start up the other chamber to stabilize and to begin pro-
cessing the substrate. The delay increases the total amount of
lime required to manufacture the plasma processing system
and reduces the total factory output.

In another embodiment of the invention, there 1s provided
methods and apparatus for providing different plasma densi-
ties and/or different 10n energies and/or different water bias
voltages 1n-situ 1n the same plasma processing chamber. In
one or more embodiments, the upper electrode 1s grounded
while the lower electrode 1s powered. In this implementation,
the periphery of the lower electrode (which 1s powered) 1s
provided with an annular (i.e., donut-shaped) ring that sur-
rounds the lower electrode and 1s grounded. This annular
extension 1s referred to herein as the lower electrode ground
peripheral extension (LE-GPE). Generally speaking, the LE-
GPE 1s made of a material that 1s generally non-reactive or
substantially unaffected by the plasma processing while still
permitting RF coupling to lake place when the gap above it 1s
suificiently large to sustain plasma. In an example, the LE-
GPE 1s has a quartz cover or a similarly suitable cover.

The gap above the LE-GPE 1s to a grounded upper surface
1s configured such that as the gap between the upper electrode
and lower electrode 1s sufliciently narrowed, there comes a
point where the gap above the LE-GPE 1s msufficiently large
to sustain plasma while the gap that over lies the lower elec-
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trode mside of the LE-GPE still remains suificiently large to
sustain the plasma. In this narrow-gap case, RF coupling {from
the powered lower electrode does not reach the LE-GPE or
reach the grounded upper surface that 1s directly over the
LE-GPE, and plasma 1s sustained only in the volume that 1s
directly over the lower electrode.

As the gap between the upper electrode and lower electrode
1s gradually enlarged, there comes a point where the gap
above the LE-GPE 1s sufficiently large to sustain plasma
while the gap that over lies the lower electrode 1nside of the
LE-GPE 1s also sufficiently large to sustain the plasma. In this
wide-gap case. RF coupling from the powered lower elec-
trode reaches the LE-GPE and also reaches the grounded
upper surface that is directly over the LE-GPE, and plasma 1s
sustained only 1n the volume that 1s directly over the lower
clectrode.

It can be seen then that 1n both the narrow-gap case and the
wide-gap case, the effective RF coupling area of the powered
lower electrode remains the same. However, 1n the wide-gap
case, the effective RF coupling area of the grounded electrode
1s enlarged (since RF coupling also reaches the LE-GPE and
the grounded area that 1s above the LE-GPE. Accordingly, 1t
may be readily seen that the narrow-gap case may provide for
one arearatio of RF coupling (defined as the ratio between the
clfective RF ground coupling area divided by the effective RF
powered electrode coupling area) while 1n the wide-gap case,
the arearatio of RF coupling is larger due to a larger effective
RF ground coupling area.

In an embodiment, the difference 1n the gaps (1.¢., the gap
between the upper electrode and the lower electrode at the
central region of the lower electrode and the gap above the

LE-GPE) may be accomplished by making the LE-GPE non

co-planar with the lower electrode. For example, the LE-GPE
may be raised above the lower electrode. The LE-GPE moves
together with the lower electrode 1n designs wherein the
lower electrode 1s movable. The grounded area that overlies
the LE-GPE moves with the upper electrode 1 designs
wherein the upper electrode 1s movable.

In another embodiment, the grounded area that overlies the
LE-GPE may, alternatively or additionally, be made non co-

planar with the upper electrode. For example, the grounded
area the overlies the LE-GPE may alternatively or addition-
ally protrudes below the lower surface of the upper electrode.
The LE-GPE moves together with the lower electrode 1n
designs wherein the lower electrode 1s movable. The
grounded area that overlies the LE-GPE moves with the upper
clectrode 1n designs wherein the upper electrode 1s movable.

Alternatively or additionally to the above, the grounded
area that overlies the LE-GPE may be considered an annular
extension of the upper electrode, or an upper electrode
grounded peripheral extension (UE-GPE). Again, the LE-
GPE moves together with the lower electrode 1n designs
wherein the lower electrode 1s movable. The UE-GPE that
overlies the LE-GPE moves with the upper electrode 1n
designs wherein the upper electrode 1s movable.

FIG. 5 shows, 1n accordance with an embodiment, an
implementation wherein a non co-planar UE-GPE 1s pro-
vided. In the case of FIG. 5, the UE-GPE extends or protrudes
below the lower surface of upper electrode 3500. In the
example of FI1G. 5, the UE-GPE 1s formed of two components
502a and 5025 although such is not a requirement. Both upper
clectrode 500 and the UE-GPE 502a/50256 are grounded.

A lower electrode grounded peripheral extension (LE-
GPE) 506 15 also shown having a quartz cover 508. LE-GPE

506 1s peripheral to a lower electrode 510 as shown. Lower




US 8,342,122 B2

9

clectrode 510 1s typically powered, e.g., by a RF power source
(not shown). A plurality of confinement rings 512 1s also

shown 1n FIG. S.

In FIG. 5, there are two plasma sustaining regions: region
516 which 1s capable of sustaiming plasma in the wide-gap
configuration where gap 517 1s sufliciently large to sustain a
plasma; and a region 514 which 1s capable of sustaiming
plasma whenever gap 519 1s sufliciently large to sustain
plasma.

In FIG. 6, the narrow gap configuration 1s illustrated
wherein gap 317 1s msuiliciently large (relative to the mean
free path) to sustain plasma 1n the region denoted by reference
number 516 i FIG. 5. However, gap 519 1s still suificiently
large to sustain plasma in the region denoted by reference
number 514 1n FIG. 5. In this case, RF coupling 1s between
powered lower electrode 510 and upper electrode 500 (as
illustrated by arrow 602) and the area ratio of RF coupling 1s
defined by the effective RF coupling area of the grounded
upper electrode 500 divided by effective RF coupling area of
the powered lower electrode 510.

In FI1G. 7, the wide gap configuration 1s illustrated wherein
gap 517 1s sulficiently large to sustain plasma 1n the region
denoted by reference number 516 1n FI1G. 5. Further, gap 519,
being larger than gap 517, 1s still suificiently large lo sustain
plasma in the region denoted by reference number 514 1n FIG.
5. In this case, RF coupling 1s between powered lower elec-
trode 510 and upper electrode 500 (as illustrated by arrow
702), as well as between powered lower electrode 510 and
UE-GPE 502a/5025b (as illustrated by arrow 704), as well as
between powered lower clectrode 510 and LE-GPE 506
through quarts surface 508 (as illustrated by arrow 706).
Since the area ratio of RF coupling 1s defined by the effective
RF coupling area of the grounded electrode divided by eflec-
tive RF coupling area of the powered lower electrode 510, the
area ratio has been increased. This 1s because the effective RF
coupling area that 1s grounded 1s now increased by the area of
the LE-GPE 506 as well as the UE-GPE 5024/502b.

In either the wide-gap configuration or the narrow-gap
configuration, 1t 1s possible to retain all the advantages dis-
cussed earlier, e.g., changing the volume to change the
plasma density by keeping the RF power the same or obtain-
ing different plasma densities. The movable electrode,
together with differentiated plasma sustaining volumes that
can be mdependently controlled (by moving the gap) effec-
tively offers more granular control of the, for example, 1on
energies and/or waler bias voltages and/or plasma density
in-situ

In an embodiment, the upper electrode and lower electrode
are sized such that 1in the narrow-gap configuration, a 1:1 area
ratio 1s achieved, making the chamber a symmetric chamber
in the narrow gap configuration. In the wide-gap configura-
tion, since the effective RF coupling area of the ground elec-
trode 1s increased, the area ratio becomes larger 1:1, rendering,
the chamber asymmetric. Thus, an 1in-situ method for making,
the chamber symmetric or asymmetric 1s achieved to accom-
modate different recipes.

Although the examples above 1illustrates only two differ-
entiated plasma-sustaining volumes (e.g., 514 and 516 1n
FIG. 5), the area that 1s periphery to the lower electrode may
be provided with multi-steps (e.g., two steps, three steps, four
steps, etc.,) to create multiple gaps of different sizes to
achieve additional differentiated plasma-sustaining volumes
that can be inhibited by making the respective gaps too small
to effectively sustain the plasma.

It should be noted that embodiments of FIGS. 5, 6, and 7

may be practiced together with the features of the earlier
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figures or may be practiced independently of the features
disclosed 1n the earlier figures.

While this invention has been described in terms of several
embodiments, there are alterations, permutations, and
equivalents, which fall within the scope of this invention. It
should also be noted that there are many alternative ways of
implementing the methods and apparatuses of the present
invention. Furthermore, embodiments of the present inven-
tion may find utility 1n other applications. If the term *““set” 1s
employed herein, such term 1s intended 1o have its commonly
understood mathematical meaning to cover zero, one, or more
than one member. The abstract section 1s provided herein for
convenience and, due to word count limitation, 1s accordingly
written for reading convenience and should not be employed
lo limit the scope of the claims. It 1s therefore intended that the
following appended claims be interpreted as including all
such alterations, permutations, and equivalents as fall within
the true spirit and scope of the present invention.

What 1s claimed 1s:

1. A plasma processing system having a plasma processing
chamber for processing a substrate, said plasma processing
chamber comprising;:

an upper electrode, said upper electrode having a first
upper electrode portion and a second upper electrode
portion, said first upper electrode portion annularly sur-
rounds said second upper electrode portion;

a lower electrode, said lower electrode having a first lower
clectrode portion and a second lower electrode portion,
said first lower electrode portion annularly surrounds
said second lower electrode portion, said second lower
clectrode portion having a substrate bearing surface con-
figured to support said substrate during said processing,
wherein at least one of said upper electrode and said
lower electrode 1s movable 1n a direction that 1s perpen-
dicular to said substrate bearing surface, wherein an
upper surface of said first lower electrode portion 1s
non-planar with respect to said substrate-bearing surface
such that a first gap between said upper surface of said

first lower electrode portion and a lower surface of said

first upper electrode portion 1s smaller than a second gap

between said substrate bearing surface and a substrate-

facing surface of said second upper electrode portion,
wherein said second lower electrode portion 1s powered
by a radio frequency (RF) power source during said
processing,

wherein said plasma processing chamber 1s configured to
be operable during at least two regimes, a first regime of
said two regimes involving disposing said upper elec-
trode and said lower electrode such that plasma 1s sus-
tamned between said substrate bearing surface of said
second lower electrode portion and said substrate-facing,
surface of said second upper electrode portion, said
plasma 1s also sustained 1n said first regime between said
upper surface of said first lower electrode portion and

said lower surface of said first upper electrode portion, a

second regime of said two regimes mnvolving disposing,

said upper electrode and said lower electrode such that
said plasma 1s sustained between said substrate bearing

surface of said second lower electrode portion and a

substrate-facing surface of said second upper electrode

portion, said plasma 1s however not sustained in said

second regime between said upper surface of said first
lower electrode portion and said lower surface of said
first upper electrode portion, an area ratio of RF coupling
between said upper electrode and said lower electrode 1s
about 1:1 1n said second regime.
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2. The plasma processing system of claim 1 wherein only
said upper electrode 1s movable.

3. The plasma processing system of claim 1 wherein only
said lower electrode 1s movable.

4. The plasma processing system of claim 1 wherein both
said upper electrode and said lower electrode are movable.

5. The plasma processing system of claim 1 wherein said
lower surface of said first upper electrode portion 1s planar
with respect to said substrate-facing surface of said second
upper electrode portion.

6. The plasma processing system of claim 1 wherein said
lower surface of said first upper electrode portion 1s non-
planar with respect to said substrate-facing surface of said
second upper electrode portion.

7. A plasma processing system having a plasma processing,
chamber for processing a substrate, said plasma processing
chamber comprising;:

an upper electrode, said upper electrode having a first
upper electrode portion and a second upper electrode
portion, said first upper electrode portion annularly sur-
rounds said second upper electrode portion, both said
first upper electrode portion and said second upper elec-
trode portion being grounded during said processing;

a lower electrode, said lower electrode having a first lower
clectrode portion and a second lower electrode portion,
said first lower electrode portion being grounded and
being electrically separated from and annularly sur-
rounding said second lower electrode portion, said sec-
ond lower electrode portion having a substrate bearing
surface configured to support said substrate during said
processing, wherein said upper electrode 1s movable 1n a
direction that 1s perpendicular to said substrate bearing
surface;

a RF power source for providing RF energy to said second
lower electrode portion, wherein an upper surface of
said first lower electrode portion i1s non-planar with
respect to said substrate-bearing surface such that a first
gap between said upper surface of said first lower elec-
trode portion and a lower surface of said first upper
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clectrode portion 1s smaller than a second gap between
said substrate bearing surface and a substrate-facing sur-
face of said second upper electrode portion.

8. The plasma processing system of claim 7 wherein both
said upper electrode and said lower electrode are movable 1n
said direction that 1s perpendicular to said substrate bearing
surface.

9. The plasma processing system of claim 7 wherein said
lower surface of said first upper electrode portion 1s planar
with respect to said substrate-facing surface of said second
upper electrode portion.

10. The plasma processing system of claim 7 wherein said
lower surface of said first upper electrode portion 1s non-
planar with respect to said substrate-facing surface of said
second upper electrode portion.

11. The plasma processing system of claim 7 wherein said
plasma processing chamber 1s configured to be operable dur-
ing at least two regimes, a first regime of said two regimes
involving disposing said upper electrode and said lower elec-
trode such that plasma is sustained between said substrate
bearing surface of said second lower electrode portion and
said substrate-facing surface of said second upper electrode
portion, said plasma 1s also sustained 1n said first regime
between said upper surface of said first lower electrode por-
tion and said lower surface of said first upper electrode por-
tion, said second regime of said two regimes mvolving dis-
posing said upper electrode and said lower electrode such that
said plasma 1s sustained between said substrate bearing sur-
face of said second lower electrode portion and a substrate-
facing surface of said second upper electrode portion, said
plasma 1s however not sustained in said second regime
between said upper surface of said first lower electrode por-
tion and said lower surface of said first upper electrode por-
tion.

12. The plasma processing system of claim 7 wherein a an
area ratio of RF coupling between said upper electrode and
said lower electrode 1s about 1:1 1n said second regime.
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